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The objectives of this research were to investigate the heat resistant
performance of a structural adhesive and to analyze the contribution of the adhesive
to the chemical emissions from the glued wood products affected by the elevated
temperatures. Phenol-resorcinol-formaldehyde (PRF) and two wood species,
southern pine (Pinus palustris) and Douglas-fir (Pseudotsuga menziesii), were
investigated. The dynamic mechanical analysis (DMA) test results showed that the
heat durability performance of cured PRF resin was better than that of the two wood
species used in this study. The results indicated that the fire safety of PRF bonded
wood products should be comparable to solid wood products. The pyroysis products
obtained from pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) system
showed that most of the pyrolysis products of glued wood samples were same as
those of wood and adhesive samples at the same temperature level except a few
compounds, such as carbon disulfide, Cyclopropyl carbinol, acetaldehyde, furfural
and others.
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CHAPTER I
INTRODUCTION
During a fire, solid polymeric materials undergo undesirable physical and
chemical changes such as thermal decomposition. The chemical decomposition of a solid
material generates gaseous fuel vapors, which can be burned above the solid material.
For a continuous fire, in order to be self-sustaining, it is necessary for the burning gases
to release sufficient heat to the material to continue the production of gaseous fuel vapors
or volatiles. As such, the process can be a continuous feedback loop if the material
continues burning. The chemical processes are responsible for the generation of
flammable volatiles, while physical changes, such as melting and charring, can markedly
alter the decomposition and burning characteristics of a material.

Thermophysical properties of polymers
The physical processes occurring during thermal decomposition depend on the
nature of the materials. For example, thermosetting polymeric materials are infusible and
insoluble once they have been consolidated. On the other hand, thermoplastics are
softened by heating without irreversible changes to the materials, provided heating does
not exceed the minimum thermal decomposition temperature.

All thermal physical

changes in polymers can be described by molecular motions. When a polymer is at
equilibrium, molecular motions occur randomly and reach dynamic equilibrium. Under
1

this equilibrium, the net mass flux averages zero and molecular motions are not
detectable. When an external stress is applied to a polymer, the biased molecular motions
occur in an orientation to reestablish equilibrium. In this process, unbalanced flux of
mass is generated and gives rise to specific viscoelastic properties (Ward 1979). The
most commonly accepted theory to describe the thermal transition in polymers is free
volume theory (Ferry 1970). The free volume refers to the volume which is not occupied
by matter within the total volume. A simple approach looking at free volume is the
crankshaft mechanism (McCrum et al. 1991), where the molecule is imagined as a series
of jointed segments (Figure 1.1).

Figure 1. 1 A schematic example of free volume and the crankshaft model
The crankshaft model treats the molecule as a collection of mobile segments that
have some degrees of free movement. Moving from a lower temperature, where the
molecule is tightly compressed, to a higher temperature, the first change is a solid-state
transition. As the free volume of the chain segment increases, its ability to move in
various directions also increases. As the material warms and expands, the free volume
2

increases so that localized bond movements (bending and stretching) and side chain
movements can occur. The increased mobility in either side chains or small groups will
result in a lower modulus for the material. These movements have been studied and were
classified by Hewijboer (1977) as γ transition. With the temperature and the free volume
continue to increase, the whole side chains and localized bigger groups begin to have
enough space to move and the material starts to develop some toughness (Boyer 1968).
This transition is called β transition according to Hewijboer (1977). As the heating
continues, the chains in amorphous regions of polymer begin to coordinate large scale
motions, which are called glass transition. One classical description of this motion is that
the amorphous regions of material begin to melt. The glass transition only occurs in
amorphous material. In a 100% crystalline material, there would not be a glass transition.
For crystalline or semi-crystalline polymers, continued heating will cause the crystallites
slip to past each other.

In amorphous polymers, continued heating will make the

coordinated segments move, and thus the viscosity of the polymer is reduced. Finally,
when the large-scale chain slippage occurs, the material flows and melting temperature is
reached. For a cured thermosetting polymer, nothing happens after the glass transition
until the material begins to burn and decompose because the crosslinks prevent the chains
from slipping past each other.
The crankshaft model provides an effective method to show how an idealized
polymer responds to temperature and time at the molecule level.

The temperature

dependence of such viscoelastic properties can reveal the identity of molecular motions
and is important to characterize the thermal performance of polymer. The interrelations
between three parameters, time, temperature, and viscoelasticity, provide insight on the
3

underlying molecular motions.

Dynamic mechanical analysis (DMA) is a common

technique to determine viscoelastic properties and their dependence on time and
temperature.

Dynamic mechanical analysis
Dynamic mechanical properties of a material refer to its response when subjected
to a periodic force. These properties may be expressed in terms of a dynamic storage
modulus, a dynamic loss modulus, and a mechanical damping term. Typical values of
dynamic moduli for polymers are ranged from 106-1012 dyne/cm2 depending upon the
type of polymer, temperature, and frequency.
For an applied stress varying sinusoidally with time, a viscoelastic material will
also respond with a sinusoidal strain for low amplitudes of stress. However, for a
viscoelastic material, the strain is out of phase with the stress applied, by the phase angle,
δ. This lag of phase is due to the excess time necessary for molecular motions and
relaxations to occur. The sinusoidal variation in time is usually described as a rate
specified by the frequency (f = Hz; ω = rad/sec). Dynamic stress, σ, and strain, ε, are
given as:
σ = σ0 sin (ω t + δ)

(1-1)

ε = ε0 sin (ω t)

(1-2)

where ω is the angular frequency, σ0 and ε0 are the maximum stress and strain, and t is
the time. Using this notation, stress can be divided into an “in-phase” component (σ0 cos
δ) and an “out-of-phase” component (σ0 sin δ) and rewritten as,
σ = σ0 sin (ω t) cos δ + σ0 cos (ω t) sin δ.
4

(1-3)

Using the symbols E´for the in-phase (real) and E´´ for the out-of-phase (imaginary)
moduli yields:
σ = ε 0 E' sin (ω t) + ε 0 E" cos (ω t)

(1-4)

E' = σ0 cos δ / ε 0

(1-5)

ε = ε 0 exp (i ω t)

E" = σ0 sin δ / ε 0
σ = σ0 exp (ω t + δ) i

(1-6)

E* = σ / ε = σ0 ei δ / ε 0 = σ0 (cos δ +i sin δ ) / ε 0 = E' + iE"

(1-7)

Equation (1-7) shows that the complex modulus, E*, obtained from a dynamic
mechanical test consists of “real” and “imaginary” parts.

The real (storage) part

describes the ability of the material to store potential energy and release it upon
deformation. The imaginary (loss) portion is associated with energy dissipation in the
form of heat upon deformation.
For shear modulus, equation (1-7) becomes
G* = G'+ i G"

(1-8)

where G' is the shear storage modulus and G" is the shear loss modulus. The phase angle
δ is given by
tan δ = G" / G'

(1-9)

The storage modulus is related to the Young’s modulus, E. The dynamic loss modulus is
often associated with “internal friction” and is sensitive to different kinds of molecular
motions,

relaxation

processes,

transitions,

morphology

and

other

structural

heterogeneities. Thus, the dynamic properties provide information at the molecular level
to understanding the polymer mechanical behavior.

5

Viscoelastic properties of wood
Wood is a composite of three main polymers, cellulose, hemicellulose, and lignin.
Each of these polymers has a specific chemical structure, topology, molecular weight
distribution and morphology, showing different viscoelastic properties. Cellulose, either
amorphous or semicrystalline, thermally degrades before reaching its melting temperature.
Therefore, the glass transition can be detected. For dry cellulose, the glass transition
temperature has been repeatedly measured at around 230 ˚C (Goring 1963). For the
recrystallization of amorphous cellulose, Yano et al. (1976) observed an increase for the
glass transition temperature from 200 to 236 ˚C. In addition, the abundance of water
adsorption sites suggests that water has a major effect on the cellulose glass transition
temperature. A systematic study has been conducted on the effect of moisture content on
cellulose glass transition (Salmen and Back 1977), showing that the glass transition
temperature depressed with increasing moisture content. At moisture contents exceeding
30%, the glass transition of cellulose is decreased from 220 ˚C to sub-ambient
temperatures. For hemicelluloses, the glass transition is lower (165-225 ˚C), comparable
to that of the dry cellulose. The plasticizing effect of water on hemicellulose has also
been shown. Under saturated conditions the glass transition drops to approximately 0 ˚C
(Irvine 1984, Salmen 1979). Lignin is a highly branched with a high molecular weight.
Lignin has more hydrophobic polymer built upon phenyl propane units. Studies on
isolated lignin have shown that the glass transition temperature is about 200 ˚C in the dry
state (Goring 1963). Glass transition of lignin is also water sensitive, but to a lower
extent than wood carbohydrates owing to its reduced hydrophilicity. For instance, water
saturated spruce lignin exhibits a glass transition at around 90 ˚C (Salmen 1984).
6

Different wood species consist of different amount of cellulose, hemicellulose and
lignin. Therefore, their viscoelastic properties are different. Based on ten hardwood
species and five softwood species, Olsson (1997) found that softwoods had a softening
temperature of 88-92 ˚C while hardwoods appeared to soften in a temperature range of
73-88 ˚C when they were saturated.

Since wood is a hygroscopic material, its

viscoelastic properties are dependent on the moisture content. Irvine (1984) investigated
the wood softening as a function of moisture content using differential thermal analysis
(DTA). Under saturated conditions, wood exhibited a main softening in the vicinity of
60-90 ˚C, which conresponded to the lignin glass transition. It should be pointed out that
under wet conditions, both cellulose and hemicellulose have their glass transition
temperatures decreased to or below 0 ˚C (Salmen 1977, Irvine 1984). Therefore, at room
temperature or higher, the viscoelastic properties of saturated wood are dominated by
lignin. Dynamic mechanical testing results of saturated wood showed that a higher
softening temperature was found in the longitudinal direction than that in perpendicular
direction (Salmen 1986, Furuta et al 1997). In addition, Backman et al. (2001) studied
the differences in wood responses for radial and tangential directions by using dynamic
mechanical thermal analysis. The results showed that properties were different in radial
and tangential direction. A higher elastic modulus and lower tan δ values were shown at
temperatures between -120 ˚C to 80 ˚C in the radial direction.

Thermal decomposition of polymer
Thermal decomposition is a process of extensive chemical species change caused
by heat. During the fire, the gasification of polymer can be a concern. For polymers, the
7

original material itself is essentially involatile, and large molecules must be broken down
into smaller molecules that can be vaporized. In most cases, a solid polymer breaks
down into a variety of smaller molecular fragments made up of a number of different
chemical species. Each of the fragments has a different equilibrium vapor pressure to
evaporate. The lighter molecular fragments will vaporize easier upon their creation while
heavier molecules will remain in the condensed phase (solid or liquid) for some time.
While remaining in the condensed phase, these heavier molecules may undergo further
decomposition to lighter fragments which are more easily vaporized. Some polymers
break down completely with virtually no solid residue. However, because of the solid
residues, not all the original fuel usually becomes vapor. These residues can be
carbonaceous (char), inorganic (originating from heteroatoms contained in the original
polymer, either within the structure or as a result of additive incorporations), or a
combination of both. Charring materials, such as wood, leave large fractions of the
original carbon as carbonaceous residue (usually as a porous char). When thermal
decomposition in the deeper layer of the material continues, the volatiles produced must
pass through the char above them to reach the surface. During this travel, the hot char
may cause secondary reactions to occur in the volatiles. When appropriately formed,
carbonaceous chars can be intumescent layers and further thermal decomposition is slow
down considerably. Inorganic residues, on the other hand, can form a glassy layer that
may then become impenetrable to volatiles and protect the underlying layers from any
further thermal breakdown. Unless such inorganic barriers form, purely carbonaceous
chars can always be burned by surface oxidation at higher temperatures.

8

There are a number of mechanisms important in the thermal decomposition of
polymers (Craig and Marcelo 2005): (1) random-chain scission, in which chain scissions
occur at apparently random locations in the polymer chain; (2) end-chain scission, in
which individual monomer units are successively removed at the chain end; (3) chainstripping, in which atoms or groups not part of the polymer chain (or backbone) are
cleaved; and (4) cross-linking, in which bonds are created between polymer chains. It is
noted that thermal decomposition of a polymer generally involves more than one of these
classes of reactions. Nonetheless, these general classes provide a conceptual framework
useful for understanding and classifying polymer decomposition behavior. The thermal
decomposition of polymers may proceed by oxidative processes or simply upon heating.
In many polymers, the thermal decomposition processes are accelerated by oxidants, such
as air or oxygen. In this case, the minimum decomposition temperatures are lower when
the polymers are in the presence of an oxidant. Shafizadeh (1984) showed that pyrolysis
of wood proceeded faster in air than that in an inert atmosphere and the difference
gradually diminished around 310 ˚C. The presence of oxidant complicates the problem
of predicting thermal decomposition rates significantly, because the prediction of the
oxygen concentration at the polymer surface during thermal decomposition or
combustion is quite difficult. Despite its importance to fire, there have been fewer
studies on the thermal decomposition processes in oxygen or air than that in inert
atmospheres. Thermal decomposition in inert atmospheres can minimize the secondary
reactions between decomposition products as the products of decomposition are
efficiently carried away from the sample and its hot environment. In addition, when a
material burns, the flow of combustible volatiles from the surface and the flame above
9

the surface effectively exclude oxygen at the material’s surface. Under these conditions,
oxidative processes may not be important to the combustion process.

Thermal decomposition of wood
When wood is exposed to elevated temperatures, changes occur in its chemical
structure. The extent of change depends on the temperature level and length of time
under exposure conditions. Permanent reduction in strength can occur at temperatures
greater than 65 ˚C. This reduction is possibly caused by the depolymerization reactions
involving no significant carbohydrate weight loss. Breakage of the chemical bonds
begins at temperatures greater than 100 ˚C and is manifested as carbohydrate and lignin
weight losses with increasing temperature (White and Dietenberger 2001). The thermal
decomposition of wood can be represented by pyrolyzing the proportional amounts of the
major individual components separately, namely cellulose, hemicellulose and lignin.
Breakdown of the components, however, is not entirely simultaneous. The hemicellulose,
particularly pentosans, are decomposed first between 200 ˚C to 260 ˚C, followed by the
cellulose at 240 ˚C to 350 ˚C, and finally by the lignin at 280 ˚C to 500 ˚C (Kudo et al.
1957, Kuriyama et al. 1958, Merritt et al. 1943. Mitchell et al. 1953).
In investigating thermal decomposition of wood, cellulose has been studied more
frequently than other components. Cellulose is principally responsible for the production
of volatile. Cellulose evolves water in the early thermal decomposition stage before any
other significant changes are observed. On the other hand, cellulose triacetate evolves
acetic acid instead of water and fails to yield water even when pyrolysis is completed
(Madersky et al 1956, 1958). The mechanism of cellulose decomposition has been
10

studied by Kilzer and Broido (1965). In this study, the thermal decomposition of
cellulose was divided into three stages: (1) dehydration of cellulose to “dehydrocellulose”
from about 200 ˚C to 280 ˚C; (2) depolymerization of cellulose in competition with
dehydration from about 280 ˚C to 340 ˚C, resulting in the formation of volatiles; (3)
decomposition of dehydrocellulose into gases and char residue via an exothermic reaction
that becomes dominant at about 320 ˚C. In the first stage, inorganic impurities were
thought to catalyze the dehydration reactions. The volatiles formed during
depolymerization are classified as tars, and consist primarily of levoglucosan. In the
third stage, the decomposition gases are primarily water, carbon dioxide, and carbon
monoxide. The proposed mechanism of dehydration is the reaction between adjoining
cellulose chains. It occurs from etherification of the C-6 hydroxyl with the C-4 position
of the adjoining chain. The acetal form of the carbonyl group then rearranges to a free
aldehyde. The intermediate aldehyde end group may collapse to yield water and a
tetrahydro-5-hydroxymethyl-furfural end group. This overall reaction mechanism
prevents unzipping of the reacting cellulose molecules, and makes the ether-linked chains
difficult to volatilize. Kilzer and Broido (1965) pointed out that the production
levoglucosan was formed in two steps: (1) scission of the two monomer glucoside bonds
or of a single bond for the terminal group and rearward attack of the oxygen between the
C-1 and C-4 positions. This causes a transition to the boat conformation and formation of
1, 4-anhydro-α-D-glucopyranose; (2) internal rearrangement resulting from attack of the
C-6 hydroxyl group on the C-1 position, breaking the 1-4 ether bridge, and forming a 1-6
bridge, thus producing 1, 6-anhydro-β-D-glucopyranose (levoglucosan). Alternately, but
less favorably, the scission of the 1-5 bridge could lead to 1, 6-anhydro-β-D11

glucofuranose, a minor pyrolysis product. With the degree of polymerization of cellulose
decreases further, Levan (1989) indicated that free radicals appeared and carbonyl,
carboxyl and hydroperoxide groups were formed. In such ways, it is possible to account
for formation of formaldehyde, acetone, glyoxal, glycolic aldehyde, glycolic acid, lactic
acid, dilactic acid, formic acid, and acetic acid, as well as water, carbon monoxide, and
carbon dioxide, all of which have actually been obtained in substantial quantities from
pyrolysis of cellulose (Goos 1952, Schwnker et al. 1958). As temperature increases to
around 450 ˚C, the production of volatile compound is complete (White and Dietenberger
2001).
Hemicelluloses are less thermally stable than cellulose and evolve more
noncombustible gases and less tar. Pyrolysis of hemicellulose does not yield
levoglucosan (Mutti and Montalti 1927). Much of the acetic acid formed in pyrolysis of
wood is attributed to the hemicellulose. Scission of a carbon-oxygen bond in a pentose
might lead to further splitting to acetic acid and perhaps formaldehyde or carbon
monoxide and hydrogen (Kozlov and Krymakii 1954). Hardwood hemicelluloses are
rich in xylan and contain a small amount of glusomannan. Softwood hemicelluloses
contain a small amount of xylan and are rich in galactoglucomannan. Of the
hemicelluloses, xylan is the least thermally stable, because pentosans are most
susceptible to hydrolysis and dehydration reactions. Pentoses are known to be
dehydrated to yield furfural and other furan derivatives (Stevens 1948, Merritt et al.
1943).
The primary products of pyrolysis of lignin are closely related to the formulas of
lignin. The structure of lignin has been investigated using mass spectrometry to
12

determine various lignin thermal decomposition products. Dehydration reactions around
200 °C are primarily responsible for thermal degradation of lignin. Between 150 °C and
300 °C, cleavage of α- and β– aryl-alkyl-ether linkages occurs. Around 300 °C, aliphatic
side chains start splitting off from the aromatic ring. Finally, the carbon-carbon linkage
between lignin structural units is cleaved at 370°C to 400 °C. The degradation reaction
of lignin is an exothermic reaction, with peaks occurring between 225 °C and 450 °C; the
temperatures and amplitudes of these peaks depend on whether the samples are pyrolyzed
under inert atmospheres or air (Levan 1989). Thermal decomposition of lignin yields
phenols from cleavage of ether and carbon–carbon linkages and produces more residual
char than that from thermal decomposition of cellulose. The aromatic units included in
the lignin chain also give rise to xylenols, guaiacils, cresols, and catechols. The straight
chain links produce carbon dioxide, hydrocarbons, formic acid, acetic acid higher fatty
acids, and the methanol (Goos 1952, Freudenberg 1941).
Pyrolysis of wood is a complicated process. Different heating rate will produce
different chemical emissions. In slow heating, decomposition proceeds in an orderly
manner in which there is stepwise formation of increasingly stable molecules, richer in
carbon and converging toward the hexagonal structure of graphitic carbon (Hadzi 1953,
Milner et al 1943, Bolton et al 1942). In rapid heating, macromolecules may be literally
torn into volatile fragments with little possibility of orderly arrangement (Martin 1956).

Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS)
A large number of volatile products can be generated from the decomposition of
polymer. Identifying the specific compounds emitted at elevated temperatures can be
13

important to evaluate the toxicity of the polymer. Separation of the products is often
necessary to identify the specific compounds. Pyrolysis-gas chromatography /mass
spectrometry (Py-GC/MS) is a chemical analysis method in which the sample is heated to
decomposition to produce smaller molecules that are separated by gas chromatography
and detected using mass spectrometry (Halket and Zaikin 2006). Py-GC/MS is a very
useful technique to identify the thermal decomposition products of wood (Faix et al
1990a, Faix et al 1991a). It can also be used to identify the historical ink ingredients
(Keheyan and Giulianelli 2006) and characterize of natural resin films and ancient
coating (Noriyasu and Tetsuo 2003).
In Py-GC/MS system, pyrolysis is often carried out in the injector of a gas
chromatograph (GC), which consists of a long column with a well-controlled flow of a
carrier inert gas. In the Py-GC/MS analysis, the column is usually packed with a
solid/liquid that will adsorb and desorb constituents in the sample. A small sample of the
decomposition products is injected into the carrier gas flow. If a particular product
spends a lot of time adsorbed on the column packing, it will take a long time to reach the
end of the column. Products with different adsorption properties relative to the column
will give a different time to reach the end of the column. A detector placed at the exit of
the gas chromatograph will respond to the flow rate of gases other than the carrier gas. If
separation is successful, the detector output will be a series of peaks. For a single peak,
the time from injection is a characteristic of the chemical species, and the area under the
peak is proportional to the amount of the chemical species. Column, column temperature
program, carrier gas flow rate, sample size, and detector type must be chosen and
adjusted to achieve optimal discrimination of the decomposition products.
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Once the gases have been separated, a lot of analytical techniques, such as mass
spectrometry (MS), can be used for identification. In MS, the chemical species is ionized,
and the atomic mass of the ion can be determined by the deflection of the ion in a
magnetic field. Generally, the ionization process will also result in the fragmentation of
the molecule, so the fingerprint of the range of fragments and their masses must be
interpreted to determine the identity of the original molecule.
Therefore, pyrolysis–gas chromatography/mass spectrometry (Py-GC/MS) can be
a good technique to characterize the decomposition products generated from the material
when exposed to fire.

Problem statement
In the situations of elevated temperatures or direct fire exposure, an understanding
of thermal performance of material is important for the fire safety of constructions. The
residential building industry is changing in response to resource constraints and market
demands. Notably, availability of large-diameter trees is on the decline. At the same
time, homeowners are clamoring for homes with open ceilings and larger rooms. To
meet this demand, a large number of new glued wood products have entered the market.
These new products use small logs, less desirable species of wood, and even wood that
would otherwise be burned or land-filled. The new engineered wood products (EWPs)
are manufactured from wood and as such they have structural characteristics similar to
that of solid-sawn lumber. Because the natural defects of solid wood are minimized in
the manufacturing process, the structural properties of these EWPs are consistent in
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properties. However, the structural adhesive incorporated would affect the fire resistance
characteristics of the products.
Numerous studies have been conducted on the fire performance of the new glued
wood products. White (2003) evaluated the performance of adhesive bonds in OSB,
softwood plywood, Com-Ply, and laminated veneer lumber (LVL) when exposed to the
standard fire condition in ASTM E 119. Results showed that the linear charring rate
ranged from 1.56 to 1.65 inches/hour, which was slightly faster than solid-sawn wood.
While many studies have also been conducted on engineered wood composite in terms of
fire performance, such as heat release rate (Chamberlain 1983), charring rate (White and
Nordheim 1992), less fundamental understanding on how the cured adhesive behaviors
under elevated temperatures. In addition, people generally think that adhesives ignite
more easily, and cause faster flame spread and more toxic smoke than wood alone. No
much information available on the toxic emission from the smoke affected by adhesive
for the new engineered wood composites. In recent years, questions over the adhesive
behavior under elevated temperatures as well as the adhesive’s contribution to the
toxicity of wood smoke have raised.

Objectives
There are mainly two objectives in this thesis:
1). Evaluate the heat resistant performance of structural adhesives.
2). Analyze the contribution of adhesive to the chemical emissions from the glued
wood samples as affected by elevated temperatures.
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CHAPTER II
DYNAMIC MECHANICAL PROPERTIES OF RESIN FILMS AND WOOD

Introduction
Wood has a long history of use in building construction. Because the availability
of large dimension solid timber has been decreasing in the past decades, the forest
products industry has developed a new generation of glued engineered wood products
(EWPs), including I-joists, glued laminated timber (Glulam), structural composite lumber
(SCL), and others. These EWPs are processed using small-diameter trees as raw
materials and exterior-type adhesives. The adhesive plays an important role since it
bonds the wood components (dimensional lumbers, veneers, strands, fibers, and etc.)
together, transfers and distributes stresses, and provides the required strength and
structural integrity when the EWPs are subjected to moisture conditions, long-term
weathering, and long-term loading. In addition, the adhesive bonding should provide
adequate structural performance under high-temperature conditions, such as those
reached in the early phases of a structure fire.
The gluline failure of EWPs may be caused by two reasons: 1) insufficient heat
durability of the adhesive bondline itself; and 2) the heat related dimensional change of
the glueline being so different from that of the wood substrate that de-bonding occurs due
to the differential expansions. To better understand the principle of delamination, it is
necessary to investigate how the adhesive and wood behave at elevated temperatures. In
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the recent years, since more adhesives have been used in the EWPs, concerns have been
raised that whether those adhesives are able to hold up the wood elements when the
members are subjected to high temperatures. In residential and commercial building
codes, fire durability of adhesives used in structural load carrying members has to be
implemented. Wood, mainly consisting of cellulose, lignin and hemicellulose, can be
considered as crosslinked polymers (Tarkow and Feist 1968, 1969). The behavior of
wood under elevated temperatures has been studied for many years. Wood is a thermally
degradable and combustible material. The thermal degradation of wood depends on the
heating rate as well as the temperature. According to White and Dietenberger (2001),
wood has a permanent strength reduction at the temperature higher than 65 ºC because of
the depolymerization reactions without any significant carbohydrate weight loss; and
chemical bonds begin to break at temperatures higher than 100 ºC. Between 100 and 200
ºC, wood is dehydrated to generate CO2, formic acid, acetic acid, and H2O. From 200 to
300 ºC, hemicelluloses begin to undergo significant pyrolysis to produce additional CO
and high-boiling-point tar. Cellulose begins a significant depolymerization in the range
300 - 350 ºC. Lignin is pyrolyzed in the range 225 - 450 ºC. The carbon-carbon bonds
between lignin structural units are cleaved from 370 to 400 ºC. When the temperature is
higher than 450 ºC, the remaining wood residue is charcoal.
For EWPs, the behavior of the cured resin film at elevated temperature play an
important role in EWP performance when exposed to high temperature. Little work had
been done to investigate the performance of cured resin film at elevated temperatures.
Both wood and cured resin film are complex polymeric system, exhibiting viscoelastic
properties. Viscoelasticity is one of the important properties related to polymeric
18

material. Viscoelastic materials simultaneously possess both solid-like as well as liquidlike characteristics. The degree to which the materials exhibit more solid-like or liquidlike properties is dependent upon both temperature and time. Viscoelasticity is
commonly characterized by the viscoelasticity parameter, which is usually determined by
dynamic mechanical analysis (DMA). DMA is a powerful technique to characterize the
behavior of polymeric material. When performing the DMA, an oscillating force,
causing a sinusoidal stress is applied to the test specimen which generates a sinusoidal
strain. The following three viscoelastic properties can be obtained: 1) storage modulus,
G’, which is a measure of the material stiffness; 2) loss modulus, G”, which reflects the
amount of energy that has been dissipated by the sample; and 3) damping term, tan δ
value, is the ratio of the loss modulus to the storage modulus (tan δ=G”/G’). As a ratio
of the viscous and elastic components, tan δ is a useful index of material viscoelasticity.
The changes in the moduli of the material as a function of temperature and time can be
monitored from the DMA testing and thus allows the determination of the effects of these
changes on the material.
Many studies have been reported on the DMA analysis of wood (Birkinshaw et al.
1986, 1989, Timothy et al. 1984). Birkinshaw et al. (1986) investigated the dynamic
mechanical properties of 10 species of wood between -100 and 150 ˚C. The results from
this study indicated that the shear storage moduli of all the wood samples decreased
steadily with increasing temperature and there was a low temperature transition around 50 ˚C. They also found a progressive increase in relative damping when the temperature
is 50 ˚C and above. Birkinshaw et al. (1989) also investigated the thermo-mechanical
behavior of solid wood, fiberboard, and wood laminates in a temperature range of -100 to
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150 ˚C. The results showed that the thermo-mechanical performance of solid wood is
consistent with the previous study (Birkinshaw et al. 1986) and the adhesives have a
significant influence on the damping properties of the fiberboard and wood laminates.
Currently, no study has been reported on how the temperature affects the thermomechanical properties of cured resins. It is the objective of this study to apply the DMA
technique to evaluate the viscoelastic response of cured adhesive at elevated temperatures
as well as prolonged time at a constant temperature.

Experimental

Materials
Two wood species, southern pine (Pinus palustris) and Douglas-fir (Pseudotsuga
menziesii) were tested. DMA test samples were milled from the bulk material using a
HITACHI 14-1/2” band saw to give the final dimensions of 40 mm (length) x 10 mm
(width) x 1 mm (thickness). The long dimension of the specimen was parallel to the
grain whereas the width was in the direction of radial growth. All the prepared samples
were conditioned in a standard conditioning room of a target relative humidity of 65%
and room temperature (20 ± 3 ˚C) for at least two days, and then put into zipper bags. All
the samples were sanded with a fine 3M aluminum oxide sandpaper to obtain a smooth
surface before the DMA testing.
Phenol-resorcinol-formaldehyde (PRF) obtained from Dynea, was used to make
the resin film samples. The cured PRF resin films were carefully prepared with the
assistance of glass plates. The actual curing parameters recommended by the
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manufacturer during application to a wood component were used. The prepared PRF
resin was poured on one glass plate (6 inch x 6 inch) with 0.3 mm thickness gauge placed
on the edge. Another glass plate with same size was carefully applied on the PRF resin
without forming bubbles in the PRF resin. Thirty six lbs weight was uniformly applied
on the glass plate to make PRF resin cured for twenty four hours at room temperature.
Pieces of cured PRF resin film were cut into a dimension of 40 mm (length) x 10 mm
(width) x 0.1 ~ 0.5 mm (thickness). Care was made during the sample preparation
process to keep the specimens consistent.

Methods
DMA tests were performed using the TA Instruments Model DMA 983, which
offers a rapid and sensitive means to simultaneously obtain an elastic modulus (stiffness)
and a mechanical damping (toughness) for materials. Of the four modes of operation for
the DMA 983(resonant frequency, fixed frequency, stress relaxation, and creep), the
fixed frequency mode was used to do the testing.
A single cantilever holder was used to test the specimens in a bending mode. The
distance between the two sample clamps was 15 mm. A torque wrench was used to
tighten the clamp locking screws at a torque of 1.1 N-m (10 N-lb). The wood samples
were clamped on the tangential surfaces so that bending occurred in the radial direction in
order to produce shear deformation perpendicular to the grain.
DMA temperature scans were performed in a temperature range of 60 - 250 ˚C. A
heating rate of 5 ˚C min-1 with a 1 Hz frequency and a oscillation amplitude of 0.2 mm
were used for all the DMA testing to obtain the shear storage modulus, shear loss
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modulus and loss tangent of the samples. Under the same frequency and oscillation
amplitude, DMA isothermal tests were performed at four temperature levels (90, 150,
200, and 250 ˚C) for 30 minutes. A minimum of five replicates were tested. An effort
was made to keep the curing conditions of the replicate resin samples consistent with
each other. Although there is variation in absolute values, the general trends of the DMA
response among the replicates are similar to each other.

Results and discussion

DMA temperature scan tests
The DMA temperature scan results for cured PRF films, Douglas-fir and southern
pine samples are shown in Figures 2.1 through 2.3, respectively. Dynamic storage
modulus is a structure dependent property. As the materials are heated up in the DMA
testing, they will expand, the free volume of the chain segment of the polymer increases,
and its ability to move in various directions also increases. As the temperature continues
to increase to some extent, the localized bond and side chain movements can occur,
resulting in a decrease in storage modulus. As the temperature continues to go high,
large group, the whole side chain or the whole main chain in the amorphous regions of
the material begin to move, resulting in a further decreasing modulus. Therefore, the
storage moduli of all the tested materials decreased with an increasing temperature. As
shown in Figure 2.1, the storage modulus of cured PRF film decreased steadily from the
650 GPa at 60 ˚C to 200 GPa at 250 ˚C. For Douglas-fir and southern pine samples, the
storage moduli decreased from about 60 GPa (60 ˚C) to 28 GPa and 35 GPa (250 ˚C),
22

respectively (Figures 2.2 and 2.3). In comparing the storage modulus-temperature
curves of the three materials in Figures 2.1 through 2.3, it can be seen that, at the same
temperature level, PRF film has a higher storage modulus than that of the wood samples.
The higher moduli of PRF film maybe caused by two reasons: (1) a high degree of crosslinking of the resin; and (2) a high initial molecular weight (Nielsen 1974). The slope of
the storage modulus curve can be represented by tan α (tan α = △G’/△T. △G’ is
decrease of storage modulus. △T is increase of temperature. See Figures 2.1 to 2.3).
The storage modulus curve of cured PRF film is almost linear, resulting in a constant tan
α value with increasing temperature. It can be seen from Figure 2.1 that the storage
moduli of the cured PRF films decreased more drastically as temperature increased
compared with wood samples (the values of tan α for resin film curve are larger than that
for wood samples). This data indicates that the cured resin films are more sensitive to the
elevated temperatures. It can also be seen from Figures 2.2 and 2.3 that there is no
significant difference on the storage modulus curves between the two wood species. In
addition, the tan α values of the wood samples increased as the temperature increased,
indicating that the molecule motion in wood was greater at high temperatures than that at
low temperatures.
Loss modulus – temperature curves are also shown in Figures 2.1 to 2.3. Loss
modulus is related to the energy absorbed by a sample. It is directly proportional to the
amount of energy that has been dissipated in form of heat by the sample. It is seen from
Figures 2.1 to 2.3 that the performance of loss modulus of the cured resin films is totally
different from those of wood samples under the same temperature range. The loss
moduli of cured PRF films decreased as the temperature increased. At a low temperature
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(60 ˚C), the free volume within the polymer is small and the molecules in the polymer
samples are tightly compressed. As the temperature increases, the free volume increases
and the molecular motion, including the motion of whole side chain and main chain in
amorphous region within the material, have more space to move. The greater the free
volume, the less heat is produced which caused by the friction of the molecular motion.
Therefore, the loss modulus of PRF resin films decreased as the temperature increased.
For the two different wood samples, both the loss moduli increased as the temperature
increased. Small differences were observed between the two different wood species,
possibly caused by the small difference in the structure of two wood species. There are
also two peaks in the loss modulus – temperature curves for wood samples: 160 and 240
˚C for Douglas-fir; 140 and 240 ˚C for southern pine. The different performance between
the two wood species and the cured resin films is possibly caused by the different
structure of different material and the water molecules in the wood samples. An early
study (Yuzo et al. 2001) showed that dynamic mechanical properties were strongly
related to the moisture content of the wood samples. The initial moisture content of
wood samples in this study was 12%. As the temperature increased during the DMA
testing, the moisture content of wood samples decreased. According to Beall (1970), the
last traces of water in wood were removed at about 140 ˚C. As the wood samples were
warmed, the molecular motion in wood samples might be associated with water and –OH
units attached to the polymeric material in wood until the temperature reached about 140
˚C. Therefore, as the temperature increased, the energy dissipates in form of heat by the
wood samples also increased with the removing of water. When the temperature reached
160 ˚C for Douglas-fir and 140 ˚C for southern pine, the water in the wood samples was
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completely removed and the dissipated heat reached a peak. When temperature reached
about 230 ˚C for Douglas-fir and about 245 ˚C for southern pine, the energy absorbed by
the wood samples was high enough to soften the main polymeric components (cellulose,
hemicellulose and lignin), and the loss modulus peaks were shown (Nanjian et al. 2007).
In this process, the heat released by the friction between the motion of three main
components became highest. It can also be seen from Figure 2.1 that the loss modulus of
PRF films changes in the range of 20 to 50 GPa, while the loss moduli of wood samples
changes in the range of 1.5 to 3.5 GPa (Figures 2.2 and 2.3). These results indicate that
the energy needed to cause the molecule motions in cured PRF films is less than that in
wood samples. It also indicates that the molecular motion in the cured PRF resin films is
more drastic than that in wood samples at the same temperature level. Therefore, the
storage moduli and loss moduli of cured resin films changed more significantly than that
of wood samples for the same range of temperature change. For wood samples, high
temperature can soften the lignin and holocellulose so that the storage moduli and loss
moduli of wood samples change significantly at high temperature level (See Figures 2.2
and 2.3).
Tan δ is a damping term which is related to the degree of molecular mobility of
the material. The higher the peak tan δ value, the greater the degree of molecular
mobility and the higher the damping characteristics. For cured PRF film, the tan δ value
increased continuously as the temperature increased and no peak was observed (Figure
2.1). For Douglas-fir sample, the tan δ value increased with the increasing temperature
from 60 ˚C to 250 ˚C. But in the range of 160 ˚C to about 200 ˚C, the increase rate of the
tan δ value became smaller and almost kept constant. For southern pine sample, the same
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thing occurred. The tan δ value was nearly kept constant from 150 ˚C to about 200 ˚C.
The reason for the constant tan δ value for the two wood samples may be associated with
the removal of water in the samples. Among the tested materials in Figures 2.1 to 2.3,
the tan δ values are in the range of 0.06 – 0.10 for cured PRF resin films, 0.02 – 0.11 for
Douglas-fir, and 0.02 - 0.08 for southern pine. Comparing tan δ curves in Figures 2.1 to
2.3, the molecule motions in cured PRF films are greater than that in wood as the
temperature increases. The results are consistent with the results obtained from the loss
modulus curves in the Figures 2.1 to 2.3.
The dynamic response curves (Figures 2.1to 2.3) show that different materials had
different dynamic mechanical properties. The results for wood samples obtained in this
research are consistent with the results of Birkinshaw (1986). No significant difference
was found in terms of the temperature scan test between Douglas-fir and southern pine.

DMA isothermal tests
The results of DMA isothermal tests at four temperatures, 90, 150, 200, and 250
˚C are shown in Figures 2.4, 2.5, 2.6, and 2.7, respectively. DMA isothermal tests give
the storage modulus, loss modulus and tan δ as a function of prolonged time at a constant
temperature level. It can be seen from the DMA isothermal curves that the shear storage
moduli of cured PRF films increased as function of time for all four temperature levels,
while the shear loss modulus and tan δ values decreased with prolonged time. The
increased storage moduli of cured PRF films may be caused by post-curing. The postcuring leads to a greater degree of cross-linking from which the molecular motion
become more restricted resulting in a decreased tan δ value (Figures 2.4 (a) - 2.7 (a)).
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From the Figures 2.4 (a) through 2.7 (a), it can also be seen that the post-curing effect is a
function of both the temperature and the time.
For both Douglas-fir and southern pine, the isothermal test results were almost
identical. At 90 ˚C in the isothermal testing, the storage moduli were almost the same
during the 30-minute isothermal testing, while the loss moduli and tan δ values increased
slightly. At 150 ˚C, the storage moduli were also the same while the loss moduli and tan
δ values decreased slightly with the prolonged time. At 200 ˚C, all the moduli and tan δ
values decreased slightly as a function of time. At 250 ˚C, the moduli and tan δ values
decreased significantly during the 30-minute isothermal testing. Since there are still
water molecules in the wood samples at 90 ˚C, the energy absorbed by the samples may
cause the motion of the water molecules in the wood and may not cause the molecule
motion of wood components. Therefore no change is shown to the storage moduli of the
samples at this temperature. At 150 ˚C, the energy absorbed by the samples may not be
high enough to cause the molecule motion of wood components. Therefore, the DMA
test results showed identical storage moduli during the test period. At 200 ˚C, as the time
elapses, a slight decrease in the storage moduli is observed. This might be due to the
movement of some small groups attached to the main polymeric components, including
hemicellulose, lignin and cellulose. At 250 ˚C in the isothermal testing, a significant
decrease in the storage moduli presented. This might be because the energy absorbed by
the wood samples causing the softening of the main polymeric components.
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Summary and conclusions
DMA is a useful technique for characterizing viscoelastic behavior of cured resin
film and wood. From the three dynamic mechanical parameters obtained from the DMA
tests, shear storage modulus, shear loss modulus, and tan δ value, the dynamic
performance of the materials as a function of temperature can be interpreted. PRF resin
film had a higher modulus than that of the wood samples at the same temperature level.
Tan δ values of PRF films were a little greater than those of wood samples. PRF resin
films also had much higher stiffness and better damping capacity than that of wood
samples. In the DMA isothermal tests, the resin films’ moduli increased with prolonged
time probably because that post-curing took place during the testing. At the same time,
post-curing caused the decreased damping characteristics of resin films. For the wood
samples, no significant difference was observed in the heat dynamic performances
between the two wood species. The moduli and tan δ values of wood samples decreased
significantly at a high temperature (i.e. 250 ˚C) while almost kept constant at the other
three temperatures (90, 150, and 200˚C) during the isothermal tests. The results indicated
that the fire safety of PRF glued wood engineered wood products was comparable to
solid wood products.
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Figure 2.1 Dynamic mechanical response curves showing storage modulus (G’), loss modulus (G”) and damping term
(tan δ) for PRF resin film as a function of temperature (T)
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Figure 2.2 Dynamic mechanical response curves showing storage modulus (G’), loss modulus (G”) and damping term
(tan δ) for Douglas-fir sample as a function of temperature (T)
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Figure 2.3 Dynamic mechanical response curves showing storage modulus (G’), loss modulus (G”) and damping term
(tan δ) for southern pine sample as a function of temperature (T)

Figure 2. 4 DMA isothermal tests response curves showing storage modulus (G’), loss
modulus (G”) and damping term (tan δ) for (a) PRF, (b) Douglas-fir, and (c)
Southern pine at 90 ˚ C
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Figure 2. 5 DMA isothermal tests response curves showing storage modulus (G’), loss
modulus (G”) and damping term (tan δ) for (a) PRF, (b) Douglas-fir, and (c)
Southern pine at 150 ˚ C
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Figure 2. 6 DMA isothermal tests response curves showing storage modulus (G’), loss
modulus (G”) and damping term (tan δ) for (a) PRF, (b) Douglas-fir, and (c)
Southern pine at 200 ˚ C
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Figure 2. 7 DMA isothermal tests response curves showing storage modulus (G’), loss
modulus (G”) and damping term (tan δ) for (a) PRF, (b) Douglas-fir, and (c)
Southern pine at 250 ˚ C
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CHAPTER III
EFFECT OF ELEVATED TEMPERATURES ON THE CHEMICAL EMISSIONS
FROM ADHESIVE BONDED WOOD PRODUCTS

Introduction
Wood has been widely used in construction and furnishings. More than 90% of
residential house framing is built by wood-based composite (Goetzl and McKeever 1999).
Fire safety is a concern in wood construction. According to the statistics reports of
United States Fire Administration (2004), there are approximately 1.1 million firefighters
in the United States who respond to approximately 2 million fire calls each year. In 2001,
seventeen fire fighter Line of Duty Deaths (LODD) occurred in residential construction.
It is important to understand the nature of the structural products, as well as their fire
performance in order to reduce risk of death or injury. One of the fire performance
characteristics, gaseous chemical emitted from the material, is becoming more of a
concern in recent decades. Gaseous products will often impede the escape of occupants
from a burning building and result in prolonged exposure to toxic products which cause
death of the occupants. Statistics on the fire accidents reveal that of the total number of
deaths in building fires, approximately 75 - 80 per cent are because of the combustion
products (Hall 1996).
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Fire authorities have long been concerned with the life hazard associated with
toxic combustion products. Many investigators have investigated the toxic combustion
products of materials to make a realistic assessment of hazard. As one of the main
building materials in North America, wood is the standard reference to evaluate the
toxicity of materials in the building in the BOCA Basic Code 1970, which specifies:
“interior finish materials that give off smoke or gases denser or more toxic than that
given off by untreated wood or untreated paper under comparable exposure to heat or
flame shall not be permitted.” To evaluate the toxicity of emissions from wood when
exposed to fire, the principle of wood combustion should be understood. Wood does not
burn directly. It first undergoes thermal decomposition, or pyrolysis. When wood is
exposed to elevated temperatures, heat decomposes the chemical structure of wood and
light pyrolysis products volatilize from the surface. At elevated temperatures, the
gaseous pyrolysis products react with oxygen in the air, releasing a large amount of heat
that further induces pyrolysis and combustion reactions. During this combustion cycle,
the gaseous pyrolysis products (toxic emissions) depend on the extent of the chemical
structure changes of wood which is due to the temperature level and the length of time
under exposure conditions. Many studies have been conducted to study the pyrolysis of
wood. White and Dietenberger (2001) divided the thermal degradation of wood above
100 ˚C (Chemical bonds begin to break at temperatures greater than 100˚C) into four
temperature regimes: 1) Between 100 ˚C and 200 ˚C, water vapor, carbon dioxide, formic
acid and acetic acid are generated from the dehydration of wood. 2) From 200 ˚C to 300
˚C, a significant amount of carbon monoxide and high-boiling-point tar are given off in
addition to the gases listed previously. The hemicelluloses and lignin components are
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significantly pyrolyzed in the temperature ranges of 200-300 ˚C and 225-450 ˚C,
respectively. Although the pyrolysis of cellulose has not begun, the depolymerization has
occurred to form free radicals, carbonyl, carboxyl, and hydroperoxide groups. 3) From
300 ˚C to 450 ˚C, vigorous volatiles are generated. Significant depolymerization of
cellulose begin in the range 300-350 ˚C and aliphatic side chains start splitting off from
aromatic rings in the lignin at around 300 ˚C. The carbon-carbon linkage between lignin
structural units is cleaved from 370 ˚C to 400 ˚C. At around 450 ˚C, all wood components
end their volatile emissions. 4) At a temperature greater than 450 ˚C, water vapor, carbon
monoxide and carbon dioxide are generated by the further degradation of charcoal. In the
thermal degradation process, cellulose and hemicellulose form mainly volatile products
on heating due to the thermal cleavage of the sugar units. The lignin forms mainly char
since it is not readily cleaved to lower molecular weight fragments (Shafizadeh 1981).
One method of evaluating the toxic gas-producing potential of materials is by
burning a material in an enclosure and subjecting animals to the resulting atmosphere.
The common method used to study the toxicity of emissions from combustion of wood is
to test animal behaviors in the atmosphere of pyrolysis products. Kishitani and
Nakamura (1974) studied the toxicities of combustion products from cedar, untreated and
fire retardant treated plywood, cement-excelsior board, and several polymers in animal
tests using mice. Their results showed that the toxicity of combustion products of woodbased materials was mainly caused by carbon monoxide, and the toxicity of the
combustion products of a material differed greatly depending on the type of material and
the temperature at which it was heated. Halido and his coworkers (1977 a, b, c, 1978)
investigated the combustion products of different woods (red alder, Douglas-fir, western
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hemlock, eastern white pine, and southern yellow pine) on toxicity in rats. Their research
showed that there was no difference among wood species. However, Boudene et al.
(1977) reported that the combustion products of Douglas-fir were more toxic than those
of mahogany, based on their studies on rats and rabbits. The toxic potential of wood in
which toxic combustion products were identified and quantitatively analyzed (Takashi et
al 1984, Daniel et al 1990) has been investigated. Some progress has been made to
quantitatively analyze the combustion products of wood largely owing to advances in
analytical techniques such as gas chromatography and mass spectrometry. Faix et al.
(1990 a, b, 1991 a, b) investigated the thermal degradation products of wood at 450 ˚C
pyrolysis temperature by using the gas chromatography/mass spectrometry (GC/MS)
system and 82 lignin derived thermal degradation products and 104 polysaccharide
derived compounds with molecular weight were obtained in the range of 28 to 600.
As the availability of the large trees decreases, the new generation of structural
wood composites with incorporated structural adhesive, such as I-joists, glued laminated
timber (Glulam), structural composite lumber (SCL), and oriented strand board (OSB)
are being widely used. Freedonia (1999) pointed out that the glued wood composites
were doubled in U. S. residential building application compared with those about 30
years ago. The smoke released from the adhesives is qualitatively different from that of
commonly used natural polymers such as cotton and wood (Yves 1985). The
incorporation of adhesives and their increasing use in building constructions have
increased the concern from the fire authorities. Several studies have qualitatively
analyzed the combustion products of adhesives used in wood industry. Morikawa (1978)
reported that burning of polymeric Methylene diphenyl diisocyanate (pMDI),
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polyurethane-based adhesives, and melamine adhesives could give off hydrogen cyanide
and nitrogen oxides as well as carbon monoxide and carbon dioxide. Knop (1985)
separated the process of thermal degradation of phenolic adhesives into three stages: 1)
Below 300 ˚C, the gaseous components emitted consisted mainly of water vapor and
unreacted monomers (phenol and formaldehyde) entrapped during curing; 2) From 300
˚C to 600 ˚C, random chain breakage began to occur. The major emissions from this
stage were water vapor, carbon monoxide, carbon dioxide, methane, phenol, cresols, and
xylenols; 3) Above 600 ˚C, carbon dioxide, methane, water, benzene, toluene, phenol,
cresols, and xylenols were released. Risholm-Sundman and Vestin (2005) studied the
combustion products of UF-bonded particleboard and glued veneers with UF, polyvinyl
acetate, emulsion polymer isocyanate (EPI), melamine urea formaldehyde (MUF) and
phenol resorcinol formaldehyde (PRF). The combustion tests were carried out at
temperatures between 500 ˚C and 1000 ˚C for particleboard and at 750 ˚C and 850 ˚C for
glued veneers. It was showed that the emissions from both particleboard and glued
veneers were similar to those from pure wood. The main difference was that the nitrogen
oxide existed if nitrogen-containing adhesives were used. The authors did not give the
specific volatile compounds emitted from the wood composites.
Specific combustion emissions should be related to the type of materials and the
temperatures at which the materials exposed. The objective of this research was to
analyze the contribution of the structural adhesive on the chemical emissions from the
glued wood products as affected by elevated temperatures. A pyrolysis method was
employed to simulate the combustion of the materials. A GC/MS system was used to
separate and identify the specific emission products from pyrolysis of the materials.
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Experimental

Materials
A commercial engineered wood adhesive, phenol-resorcinol-formaldehyde (PRF)
from Dynea, was used to make the resin film samples. The adhesives were prepared
following the adhesive manufacturer recommended mixing and curing procedures. The
uniform cured resin film samples were carefully prepared with the assistance of glass
plates simulating the actual curing process when applied to wood components. The
prepared PRF resin was poured on one glass plate (6 inch x 6 inch) with 0.3 mm
thickness gauge placed on the edge. Another glass plate with same size was carefully
applied on the PRF resin without forming bubbles in the PRF resin. Thirty six lbs weight
was uniformly applied on the glass plate to make PRF resin cured for twenty four hours
at room temperature. Care was made during the sample preparation process to keep the
specimens consistent. The cured PRF film was placed in the open room for six months.
Before the test, cured resin films of approximately 100 – 200 μg were cut and placed into
the middle of a quartz tube. Both ends of the quarts tube were then filled with quartz
wool to obtain the pyrolysis sample.
Two-laminate wood (5-1/2 inch x 1-1/2 inch x 12 inch) samples (PRF/Douglas-fir,
PRF/southern pine) were made by using a manual press in the Forest Products laboratory
of MSU. Adhesive was spread on both surfaces of wood to bond together. A torque
wrench was used to tighten the two pieces of wood at a torque of 100 N-m and retighten
after 30 minutes at 100 N-m. The glued wood samples were kept at the pressure for 24
hours to make the PRF cured. The PRF/southern pine samples were prepared and placed
in the lab for three months. The PRF/ Douglas-fir samples were prepared and placed in
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the lab for two days before the test. Cut a small piece (about 100 – 200 μg) from the
interface which consisted of wood and adhesive and made a pyrolysis sample as we did
for the resin film pyrolysis samples. Wood pyrolysis samples were also made to be tested
as reference. For each combination, eight pyrolysis samples were prepared.

Methods
In this study, the analytical system consisted of a PerkinElmer Clarus 500 GC/MS
interfaced with a CDS analytical Pyroprobe 5000 pyrolysis autosampler was used.
Quartz tube loaded with sample was introduced into the Pyroprobe automatically. Eight
pyrolysis temperatures were used in the Py-GC/MS experiments: 150, 200, 250, 300, 350,
400, 450, and 500 ˚C. The temperature of Pyroprobe increased from the initial
temperature of 50 ˚C at a ramp rate of 360 ˚C / minute to the pyrolysis temperature and
then held for 10 seconds. The emissions generated from the Pyroprobe were
automatically introduced into the GC/MS system. The helium carrier gas flow was kept
constant at 2.0 ml/minute to go through the GC. GC fitted with a DB-5 30 m (length) x
0.32 mm (diameter) fused silica capillary column (coated with 5 percent phenylmethylpolysiloxane) was used to separate the chemical emissions. The GC oven was
programmed by holding four minutes for the initial temperature of 40 ˚C followed by
increasing at a 5 ˚C/minute ramp rate to a final temperature of 280 ˚C, and held for 15
minutes. The mass spectrometer was configured by electron impact ionization at 70 eV,
with a transfer temperature of 225 ˚C, and a source temperature of 225 ˚C. The full mass
spectra scan can be obtained from the molecular weights of 35 to 300. Because of this,
the emissions for whose with a molecular weight less than 35 or greater than 300, such as
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carbon monoxide, water vapor, methane, formaldehyde, etc., could not be detected. The
total time for each run was 67 minutes.

Results and Discussions

Pyrolysis of wood
Specific pyrolytic products found in the tests for Douglas-fir samples are shown
in Figures 3.1 to 3.8. From figures 3.1-3.8, it is seen that at temperatures below 350 ˚C,
the major pyrolytic products for Douglas-fir samples were carbon dioxide and
levoglucosan; At a temperature of 400 ˚C, the major emissions were carbon dioxide,
furfural, 3-methyoxy-4-vinylphenol, levoglucosan, 4-hydroxy-2-methoxycinnamaldehyde.
At temperatures of 450 and 500 ˚C, the major pyrolytic products were carbon dioxide, 2mthoxy-4-vinylphenol, 2-methoxy-4-(1-propenyl)-phenol and other phenol derivatives.
There was small quantity of levoglucosan in the pyrolytic products at a temperature of
450 ˚C. No levoglucosan was shown at 500 ˚C. There were also many other pyrolytic
products in small quantity, such as formic acid, acetic acid, 4-ethyl-phenol and etc.
For southern pine samples, specific pyrolytic products found in the tests are
shown in Figures 3.9 to 3.16. At temperatures below 350 ˚C, only one compound carbon
dioxide was found in the program. This differed from the Douglas-fir samples. At 400
˚C, the main pyrolysis products were carbon dioxide with small quantities of acetic acid,
levoglucosan, 1-propen-2-ol, acetate, 2-methoxy-5-(1-propenyl)-phenol and 4-hydroxy-2methoxycinnamaldehyde. At temperatures of 450 and 500 ˚C, the pyrolysis products
from southern pine samples were almost similar to those from Douglas-fir samples except
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for several compounds, including fufural, dihydro-4-hydroxy-2(3H)-furanone, 3, 5didydroxy-2-methyl-4H-pyran-4-one, 3-methyl-1,2-cyclopentanedione and 5(hydroxymethyl)-2-furancarboxaldehyde which were not presented in the pyrolysis
products of southern pine samples (see Figure 3.9 to 3.16).
The pyrolytic products of wood come mainly from the pyrolysis of the major
wood components, hemicellulose, cellulose, and lignin. Hemicellulose was found to
decompose first, followed by the lignin, and finally by the cellulose (White and
Dietenberger 2001). Hemicellulose, particular its pentosans, are known to yield furfural
and other furan derivatives (Browne 1958). Hemicellulose also contributed to the acetic
acid in the pyrolytic products. Scission of a carbon-oxygen linkage in a pentose might
lead to further splitting to acetic acid and perhaps formaldehyde or carbon monoxide and
hydrogen. Cellulose is principally responsible for the production of flammable volatiles.
Degradation occurs through dehydration hydrolysis, oxidation, decarboxylation and
transglycosylation. Levoglucosan is a characteristic product for the pyrolysis of cellulose.
The cleavage of glycosidic linkage formed the glucose, which dehydrated to
levoglucosan and oligosaccharides. However, different break in carbon-oxygen linkages
of cellulose may occur by random pyrolytic scission. Subsequent pyrolysis may proceed
differently for the primary pyrolytic products, resulting in a possible formation of
hydroxy aldehydes, ketones, or acids. In this study, the main pyrolytic products of lignin
were aromatic products, which closely related structurally to the formulas attributed to
lignin, such as the phenol derivatives (2-methoxy-4-methyl-phenol, 4-ethyl-2-2methoxyphenol, 2-methoxy-phenol, 2-methoxy-4-4vinylphenol) in this study. In comparing of
Douglas-fir and southern pine, the pyrolysis products for different species were different.
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This may be caused by the different compositions of the two wood species or by the
random scission of the wood components at the pyrolysis condition. At different
temperatures, different components were pyrolyzed, resulting in different pyrolytic
products.

Pyrolysis of cured PRF films
The pyrogrms of cured PRF films were shown in Figures 3.17 to 3.24. At
temperatures of 150, 200, 250, 300, 350, and 400 ˚C, only one peak was shown and
identified as carbon dioxide in the pyrograms. Above 400 ˚C, emissions of phenol and
various methyl- and polymethylphenols amongst the pyrolytic products are shown
(Figures 3.23 and 3.24). At 450 ˚C, small amount of phenol was emitted. However, at
500 ˚C, the amount of emission of phenol increased significantly. At the same time,
small amount of 2-methyl-phenol, 4-methyl-phenol, 2, 4-dimethyl-phenol were generated
from the PRF film sample. Besides, at 500 ˚C, smaller quantities of acetone, acetic acid,
1-hydroxy-2-propanone, 1, 2-ethanediol, 2, 6-dimethoxy-phenol, 1, 2, 3-trimethoxy-5methyl-benzene and phenol derivatives appeared to be produced.
PRF is a crosslinked polymer network. The resin may exist as a mixture of
compounds of the types (Pizzi et al. 2004): P, R, P-CH2OH, P-CH2-P, P-CH2-O-CH2-P,
and P-CH2-O-CH2-OH, P-CH2-P-CH2-P, P-CH2-P-CH2-R, R-CH2-P-CH2-R, R-CH2-RCH2-R (P-phenol, R-resorcinol) and others. At the temperatures increases up to 400 ˚C,
the oxidative reaction occurs and methylol structures (P-CH2OH) are oxidized to
carboxyl group, resulting in the release of carbon dioxide. At temperatures of 450 and
500 ˚C, thermal fragmentation reactions happen leading to formation of methane, phenol,
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and phenolic homologs, such as methylphenol and polymethylphenol (see the equation 31). The other small quantity of pyrolysis products, such as 1-hydroxy-2-propanone, 1, 2ethanediol, may be the products of random scissions.

(3-1)

Pyrolysis of glued wood samples
The pyrograms of PRF/Douglas-fir samples are shown in Figures 3.25 to 3.32. At
temperatures below 350 ˚C, five main emissions, carbon dioxide, carbon disulfide, acetic
acid, 1, 2-ethanediol, and phenol were identified. At 400 ˚C, the main emissions were
carbon dioxide, phenol and small amount of carbon disulfide, acetic acid, 1-hydroxy-2propanone, 2-methoxy-4-vinylphenol, 2-methoxy-4-(1-propenyl)-phenol and
levoglucosan. At temperature of 450 ˚C, additional compounds such as acetaldehyde,
hydroxyl-acetaldehyde, butanedial, 2-mthoxy-phenol 4-ethl-2-methoxy-phenol and etc.
were identified. At 500 ˚C, main emissions were carbon dioxide, acetaldehyde, carbon
disulfide, acetic acid, 1-hydroxy-2-propanone, phenol, 2-methoxy-phenol, 2-methoxy-4vinylphenol, 2-methhoxy-4-(1-propenyl)-phenol and small amount of hydroxylacetaldehyde, 2, 4-dimethylphenol, 2-methoxy-4-mehylphenol and etc. Comparing the
volatile pyrolysis products of glued wood samples with those for pure Douglas-fir and
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adhesive at the temperatures below 350 ˚C, four compounds including carbon disulfide,
acetic acid, 1, 2-ethanediol, and phenol were only found in the glued wood samples. At
400 ˚C, three compounds including carbon disulfide, 1-hydroxy-2-propanone, 1, 2ethanediol and phenol were only identified in the program of glued wood samples. At
450 ˚C, four compounds acetaldehyde, carbon disulfide, hydroxy-acetaldehyde,
butanedial were only found in the volatile products of glued wood samples. At a
temperature of 500 ˚C, additional compounds such as acetaldehyde, carbon disulfide,
hydroxy-acetaldehyde, butanedial, 40hydroxy-3-methoxy-benzeneacetic acid, and 4hydroxy-2-methoxycinnamaldehyde were found in the glued wood samples compared
with pure Douglas-fir sample and PRF film sample.
For pyrolysis of PRF/southern pine samples, specific programs are shown in
figures 3.33-3.40. At temperatures below 300 ˚C, carbon dioxide and carbon disulfide
were the volatile pyrolysis products. At a temperature of 350 ˚C, carbon dioxide, carbon
disulfide, acetic acid were identified in the pyrogram. At 400 ˚C, emissions of carbon
dioxide, carbon disulfide, acetic acid, 1-hydroxy-2-propanone, furfural, 2-furanmethanol,
phenol, 2-methoxy-phenol, 2-methoxy-4-vinylphenol, 2-methoxy-4-(1-propenyl)-phenol,
levoglucosan and 4-hydroxy-3-methoxy-benzeneacetic acid, 4-((1E)-3-hydroxy-1propenyl)-2-methoxyphenol and small amount of acetic anhydride, cyclopropyl carbinol
and etc. At 450 ˚C, except the compounds existed at the temperature of 400 ˚C,
acetaldehyde, hydroxyl-acetaldehyde, 2-methyl-1-propanol, butanedial, 2-hydroxy-2cyclopenten-1-one, 3-methyl-1,2 cyclopentanedione, 2-methyl-phenol, 1, 2-benzenediol,
4-methoxy-4-methoxy-benzaldehyde, 1-(4-hydroxy-3-methoxyphenyl)-ethanone and 1(4-hydroxy-3-methoxyphenyl)-2-propanone were identified for PRF/southern pine
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sample. At a temperature of 500 ˚C, additional compounds found in the volatile pyrolysis
products were 2, 3-butanedione, 4-methyl-phenol, 3-hydroxy-4-propyl-phenol and 2methoxy-4-propyl-phenol compared with those for at 450 ˚C. In comparing the
pyrograms of PRF/southern pine samples with those for pure southern pine and PRF
films, it was found that additional pyrolysis products were found for the glued wood
samples. For example, at temperatures below 300 ˚C, carbon disulfide was found in
glued wood samples while not in pure wood sample or PRF film. At a temperature of
350, carbon disulfide and acetic acid were only found in glued wood sample. At 400 ˚C,
the additional pyrolysis products were carbon disulfide, 1-hydroxy-2-propanone, 1, 2ethanedil, furfural, 2-furanmethanol, phenol, 2-methoxy-phenol, cyclopropyl carbinol, 2methoxy-4-vinylphenol 3-hycroxy-4-methoxy-benzaldehyde and others. At 450 ˚C,
additional compounds existed in glued wood samples were acetaldehyde, carbon
disulfide, 2-methyl-1-propanol, butanedial, 1-(acetyloxy)-2-propanone, furfural, 2furanmethanol, 2-(acetyloxy_2-2propanone, 2-methyl-phenol, cyclopropyl carbinol, 1,2benzenedil, 1-(4-hydroxy-3-methoxyphenyl)-thanone, and 4-hydroxy-3-methoxybenzeacetic acid. For the pyrolysis products of glued wood samples at 500 ˚C, additional
pyrolysis products were acetaldehyde, 2, 3-butanedione, butanedial, furfual, 1(acetyloxy)-2-propanone, 2-furanmethanol, cyclopropyl carbinol, and 1, 2-benzenediol
compared with those for pure southern pine and PRF film.
For glued two-ply wood samples, it can be seen that the volatile pyrolysis
products were not the simple addition of the pyrolytic products of composite elements for
each temperature. There are new compounds produced due to the reaction at the resin
and wood interface. It is necessary to point out that phenol emitted from PRF bonded
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Douglas-fir sample at temperatures below 350 ˚C was caused by volatizing the unreacted
phenol in the PRF resin at elevated temperatures. This is because that the prepared PRF
boned Douglas-fir sample was placed in open room just for two days before the test. The
unreacted phenol did not have enough time to come out from the sample. In contrast the
PRF bonded southern pine sample was placed for three months in the open room, the
unreacted phenol volatized. Therefore, no phenol was found for PRF/southern pine
sample at temperatures below 350 ˚C.
It is worth to notice that carbon disulfide, which emitted only from the glued
wood samples, may be life-threatening because it affects nervous system. Another
compound of furfural emitted from PRF/southern pine sample at above 400 ˚C, can cause
intoxication, including euphoria, headache, dizziness, nausea, and eventual
unconsciousness and death due to respiratory failure When ingested or inhaled. And
contacting with furfural also irritates the skin and respiratory tract and can cause the
lungs to fill with fluid. Acetaldehyde which emitted from pyrolysis of PRF/Douglas-fir
and PRF/southern pine samples at temperatures of 450 and 500 ˚C is an irritant, a
probable carcinogen, and toxic when applied externally for prolonged periods. These
compounds existed in the pyrolysis products indicated that PRF resin contributed to the
smoke toxicity of the glued wood samples.

Conclusions
Five different samples were analyzed for toxic emissions by a Py-GC/MS system:
1) Douglas-fir, 2) southern pine, 3) cured PRF resin, 4) PRF/Douglas-fir, and 5)
PRF/southern pine. Eight different temperature levels (150, 200, 250, 300, 350, 400, 450,
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and 500 ˚C) were used. At temperatures below 350 ˚C, emissions from Douglas-fir
samples were carbon dioxide and levoglucosan; emissions from southern pine samples
were carbon dioxide. At temperatures below 400 ˚C, the main emission for cured PRF
films was carbon dioxide. At temperatures above 400 ˚C, main emissions for Douglasfir samples were carbon dioxide, 2-mthoxy-4-vinylphenol, 2-methoxy-4-(1-propenyl)phenol and other phenol derivatives; main emissions from southern pine samples were
carbon dioxide, acetic acid, 2-mthoxy-4-vinylphenol, 2-methoxy-4-(1-propenyl)-phenol
and etc. The main emissions from cured PRF films at a temperature of 500 ˚C were
phenol, cresol, xylenol, and etc. Most of the emitted chemical compounds from glued
wood samples were from the pure wood and adhesive samples. However, several new
compounds were found for the glued wood samples, such as carbon disulfide for both
glued wood samples at all the temperature levels, acetaldehyde for both glued wood
samples at temperatures of 450 and 500 ˚C, furfural for PRF bonded southern pine
samples at 450 and 500 ˚C, cyclopropyl carbinol for both PRF bonded wood samples and
etc. These additional emitted compounds were related to the reaction between wood and
resin at the interface. The existence of these additional toxic compounds from pyrolysis
of glued wood sample indicating that adhesive contributed to the smoke toxicity of the
glued wood products. It should be notice that at temperatures below 350 ˚C, the emission
of phenol from PRF bonded Douglas-fir sample was ascribed to the unreacted phenol in
the glued wood samples.
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Figure 3. 1 Pyrogram of Douglas-fir sample at 150 ˚ C

Figure 3. 2 Pyrogram of Douglas-fir sample at 200 ˚ C

Figure 3. 3 Pyrogram of Douglas-fir sample at 250 ˚ C

Figure 3. 4 Pyrogram of Douglas-fir sample at 300 ˚ C
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Figure 3. 5 Pyrogram of Douglas-fir sample at 350 ˚ C

Figure 3. 6 Pyrogram of Douglas-fir sample at 400 ˚ C

Figure 3. 7 Pyrogram of Douglas-fir sample at 450 ˚ C
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Figure 3. 8 Pyrogram of Douglas-fir sample at 500 ˚ C

Figure 3. 9 Pyrogram of southern pine sample at 150 ˚ C

Figure 3. 10 Pyrogram of southern pine sample at 200 ˚ C
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Figure 3. 11 Pyrogram of southern pine sample at 250 ˚ C

Figure 3. 12 Pyrogram of southern pine sample at 300 ˚ C

Figure 3. 13 Pyrogram of southern pine sample at 350 ˚ C

Figure 3. 14 Pyrogram of southern pine sample at 400 ˚ C
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Figure 3. 15 Pyrogram of southern pine sample at 450 ˚ C

Figure 3. 16 Pyrogram of southern pine sample at 500 ˚ C

Figure 3. 17 Pyrogram of PRF film sample at 150 ˚ C
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Figure 3. 18 Pyrogram of PRF film sample at 200 ˚ C

Figure 3. 19 Pyrogram of PRF film sample at 250 ˚ C

Figure 3. 20 Pyrogram of PRF film sample at 300 ˚ C

Figure 3. 21 Pyrogram of PRF film sample at 350 ˚ C
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Figure 3. 22 Pyrogram of PRF film sample at 400 ˚ C

Figure 3. 23 Pyrogram of PRF film sample at 450 ˚ C

Figure 3. 24 Pyrogram of PRF film sample at 500 ˚ C
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Figure 3. 25 Pyrogram of PRF/Douglas-fir sample at 150 ˚ C

Figure 3. 26 Pyrogram of PRF/Douglas-fir sample at 200 ˚ C

Figure 3. 27 Pyrogram of PRF/Douglas-fir sample at 250 ˚ C

Figure 3. 28 Pyrogram of PRF/Douglas-fir sample at 300 ˚ C
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Figure 3. 29 Pyrogram of PRF/Douglas-fir sample at 350 ˚ C

Figure 3. 30 Pyrogram of PRF/Douglas-fir sample at 400 ˚ C

Figure 3. 31 Pyrogram of PRF/Douglas-fir sample at 450 ˚ C
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Figure 3. 32 Pyrogram of PRF/Douglas-fir sample at 500 ˚ C

Figure 3. 33 Pyrogram of PRF/southern pine sample at 150 ˚ C

Figure 3. 34 Pyrogram of PRF/southern pine sample at 200 ˚ C

Figure 3. 35 Pyrogram of PRF/southern pine sample at 250 ˚ C
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Figure 3. 36 Pyrogram of PRF/southern pine sample at 300 ˚ C

Figure 3. 37 Pyrogram of PRF/southern pine sample at 350 ˚ C

Figure 3. 38 Pyrogram of PRF/southern pine sample at 400 ˚ C
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Figure 3. 39 Pyrogram of PRF/southern pine sample at 450 ˚ C

Figure 3. 40 Pyrogram of PRF/southern pine sample at 500 ˚ C
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CHAPTER IV
SUMMARY AND CONCLUSIONS

In this study, dynamic mechanical analysis (DMA) and pyrolysis-gas
chromatography/mass spectrometry (Py-GC/MS) were employed to evaluate the heat
resistant performance of Phenol-resorcinol-formaldehyde (PRF) and its contribution to
the chemical emissions from the glued wood products affected by the elevated
temperatures. Two wood species, southern pine (Pinus palustris) and Douglas-fir
(Pseudotsuga menziesii), were used in this study.
DMA tests were performed on these samples at a temperature range of 60 to 250
℃. DMA temperature scan test results showed that the storage moduli of the tested
materials decreased as the temperature increased. At the same temperature level, PRF
resin films had higher storage moduli than that of the wood samples. No significant
difference was found between the two wood species in their dynamic performances. The
DMA isothermal tests results indicated that the storage moduli of cured resin films
increased with prolonged time at the four different temperature levels (90, 150, 200, and
250 ˚C), while the loss moduli and damping term (tan δ values) decreased with prolonged
time. The moduli and tan δ values of wood samples decreased significantly with
prolonged time at 250 ˚C, while changed slightly at temperatures of 90, 150, and 200 ˚C.
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From the above results, it can be concluded that the fire safety of PRF bonded wood
products is comparable to that of solid wood products.
Emission from pure wood, pure cured PRF resin and glued wood samples were
obtained through pyrolysis at temperatures of 150, 200, 250, 300, 350, 400, 450, and 500
ºC. At temperatures below 350 ˚C, emissions from Douglas-fir samples were carbon
dioxide and levoglucosan; emissions from southern pine samples were carbon dioxide. At
temperatures above 400 ˚C, main emissions for Douglas-fir samples were carbon dioxide,
2-mthoxy-4-vinylphenol, 2-methoxy-4-(1-propenyl)-phenol and other phenol derivatives;
main emissions from southern pine samples were carbon dioxide, acetic acid, 2-mthoxy4-vinylphenol, 2-methoxy-4-(1-propenyl)-phenol and etc. At temperatures below 400 ˚C,
the main emission for cured PRF films was carbon dioxide. At temperatures of 450 and
500 ˚C, the main emissions from cured PRF films were phenol, cresol, xylenol, and etc.
For PRF glued wood samples, additional emissions were found compared with those
emitted from pure wood and adhesive samples. For example, carbon disulfide were
found for both glued wood samples at all the temperature levels; acetaldehyde were
found for both glued wood samples at temperatures of 450 and 500 ˚C; furfural were
identified for PRF bonded southern pine samples at 450 and 500 ˚C; and cyclopropyl
carbinol were found for both PRF bonded wood samples at temperatures above 400 ˚C
and etc. These additional pyrolysis products were related to the reaction between wood
and resin at the interface. Because of these additional toxic compounds emitted from
pyrolysis of glued wood sample, it can be concluded that adhesive contributed to the
smoke toxicity of glued wood products. It is necessary to notice that at temperatures
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below 350 ˚C, the emission of phenol from PRF bonded Douglas-fir sample was ascribed
to the unreacted phenol in the glued wood samples.
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